The strategies used by bacterial pathogens to circumvent host defense mechanisms remain largely undefined in bivalve molluscs. In this study, we investigated experimentally the interactions between the Pacific oyster (Crassostrea gigas) immune system and Vibrio aestuarianus strain 01/32, a pathogenic bacterium originally isolated from moribund oysters. First, an antibiotic-resistant V. aestuarianus strain was used to demonstrate that only a limited number of bacterial cells was detected in the host circulatory system, suggesting that the bacteria may localize in some organs. Second, we examined the host defense responses to V. aestuarianus at the cellular and molecular levels, using flow-cytometry and real-time PCR techniques. We showed that hemocyte phagocytosis and adhesive capabilities were affected during the course of infection. Our results also uncovered a previouslyundescribed mechanism used by a Vibrio in the initial stages of host interaction: deregulation of the hemocyte oxidative metabolism by enhancing the production of reactive oxygen species and downregulating superoxide dismutase (Cg-EcSOD) gene expression. This deregulation may provide an opportunity to the pathogen by impairing hemocyte functions and survival. These findings provide new insights into the cellular and molecular bases of the host-pathogen interactions in C. gigas oyster.
Introduction
The interaction between microorganisms and host immune defenses is a key determinant in the outcome of disease processes. Partly as a result of the simple and conserved mechanisms constituting their innate immune systems, invertebrates have become a paradigm for the study of bacterial virulence and the characterization of host-pathogen interactions. Several invertebrate groups, including nematodes [1] and insects [2] , have been investigated extensively, providing important insights into how these animals recognize and defend themselves against infectious agents. In comparison, little is known about bivalvebacteria interactions and associated immune responses. As filter feeders, bivalves are exposed to a constant challenge by various pathogenic and/or opportunistic bacteria naturally present in the microflora of coastal environments. Although lacking an adaptive immune system, these animals have evolved an effective mechanism for clearing invading bacteria, based upon a complex interplay between cellular and humoral defense responses. The cellular immune system relies specifically on immuno-competent cells, referred to collectively as hemocytes.
In some bivalves, three major hemocyte types are commonly recognized: granulocytes, hyalinocytes and agranulocytes. These cells are responsible for activities such as inflammation, wound repair, phagocytosis and encapsulation of non-self particles [3] . The hemolymph (circulating, extracellular fluid) also contains humoral immune components, including antimicrobial peptides [4] , agglutinins [5] and lysosomal enzymes [6] . These components enhance opsonization by facilitating bacterial aggregation and immobilization, and/or display cytolytic activities. Bacterial clearance from hemolymph and tissues results, thus, from the combined action of humoral defense factors and the hemocyte phagocytic process.
However, some bacteria, mainly belonging to the Vibrio genus, are able to persist within bivalve tissues and fluids [7] . Many pathogenic bacteria have developed sophisticated strategies to circumvent host defense mechanisms, thereby finding unique niches where they can survive, and from which they can establish successful infection. For example, V. tapetis, the causative agent of brown ring disease in the clam Ruditapes philippinarum [8] , elicits major changes in hemocyte morphology and escapes phagocytosis by impairing hemocyte adhesion properties [9, 10] .
Reported as commensal bacteria, vibrios are also considered to be opportunistic pathogens. They can be associated with mortalities of bivalves, particularly Pacific oysters,
Crassostrea gigas [11] . Recently, a V. aestuarianus strain, named 01/32, was isolated during a mortality outbreak in an experimental hatchery; its pathogenicity was assessed by experimental challenge, resulting in high C. gigas mortality rates [12] . In an earlier study, we
showed that its extracellular products (ECPs) displayed lethality to animals and induced, in vitro, a strong inhibition of hemocyte phagocytosis and adhesive abilities [13] . These results suggest that the production of ECPs by the pathogen plays an important role in the pathological processes.
Many questions remain unanswered concerning the in vivo interaction between
V. aestuarianus and the oyster immune responses. First, little is known about bacterial colonization within the oyster following introduction of V. aestuarianus within the circulatory system. This is mainly because it is difficult to quantify selectively one bacterium among the indigenous microflora of oyster hemolymph, which is sometimes composed of numerous bacterial species [14] . Second, the different phases of infection (i.e. from the initial hostpathogen interaction to the activation of the host immune responses) remain poorly understood. Previous in vivo studies in bivalves have examined the host responses to invading pathogens either at the cellular [15] [16] [17] or at the molecular level [18, 19] , but neither considering both. In such a context, monitoring the host immune system with a global approach may contribute to gain an insight into the strategies evolved by V. aestuarianus 01/32 to impair immunity and survival of C. gigas oysters.
These experiments were designed, therefore, to document during an experimental infection the number of recoverable V. aestuarianus 01/32 within oyster hemolymph. To do so, we used an antibiotic-resistant V. aestuarianus mutant and further investigated its effects i) on oyster cellular immune defenses by performing flow cytometric-based hemocyte assays,
and ii) on host molecular immune responses using real-time PCR techniques.
Materials and methods

Oysters
Two-year-old Pacific oysters, Crassostrea gigas (8-13 cm in shell length), were provided by a French commercial hatchery (Aber-Benoît, Finistère, France). Animals were acclimated for one week in the laboratory (IFREMER, Plouzané, France), as previously described [13] . incubation, bacterial cells were prepared as described previously [13] . The problem we faced was to determine the oyster cumulative mortality rates during the course of infection, since 4 to 5 animals from each tank were planned to be removed every 2 days for hemolymph sampling. Accordingly, at the beginning of the experiment, 10 oysters were randomly selected and marked in each replicate tank. These animals were only used to record mortalities and were thus not collected for hemolymph bleeding. Animals were considered to be dead when the valves did not close and the mantle did not react after stimulation by a needle-prick.
Selection of a spontaneous
Experimental infection
Hemolymph sampling
Hemolymph samples were collected 1, 3, 5 and 8 days post-challenge. Samples were aseptically withdrawn from the adductor muscle using a 1-ml plastic syringe fitted with a 25-gauge needle, and stored individually in micro-tubes held on ice, to minimize cell clumping.
Individual samples were observed under the optical microscope to control the quality of the hemolymph used subsequently, and to prevent gamete contamination. Hemolymph was then filtered through 80-µm mesh. One hemolymph pool, comprised of 4-5 individual samples, was prepared for each tank. Each pool was aliquoted into 3 volumes: one aliquot was used for quantifying the number of bacterial cells and evaluating the hemolymph protease activity, another was used for measuring the immunological parameters by flow cytometry, and the last for analyzing gene expression by real-time PCR.
Direct quantification of kanamycin-resistant V. aestuarianus 01/32
To quantify the number of recoverable kanamycin-resistant V. aestuarianus 01/32 cells within oyster hemolymph, a dye reduction-based method was applied. This assay was adapted from the method of Volety et al. [20] and used a tetrazolium compound, MTS [3- colorimetrically at 492 nm. Bacterial cell numbers were determined using a previously established relationship, according to the procedure of Volety et al. [20] . To estimate the total bacterial load within cell-free serum samples, the reduced MTS/PMS absorbance was finally evaluated for each experimental condition by performing the assay without adding the antibiotic solution to the reaction mixture.
Determination of hemolymph protease activity
V. aestuarianus strain 01/32 was previously shown to produce extracellular products (ECPs), lethal to C. gigas oysters [13] . Two methods were therefore applied to monitor the production of ECPs by V. aestuarianus 01/32 in oyster hemolymph. Total protease activity was measured by the azocasein procedure [21] , and one unit of protease activity was expressed as an increase in absorbance at 440 nm of 1 for 10 min of incubation at 20°C.
Electrophoretic protease patterns were assessed by zymographic procedures [22] .
Hemocyte cellular parameters
Measurements of hemocyte types, numbers, and functions were performed on a FACScalibur flow cytometer (Becton-Dickinson, San Diego, CA, USA), equipped with a 488 nm argon laser.
Total hemocyte count (THC)
Briefly, a 100 µl sub-sample of each hemolymph pool was diluted with 200 µl antiaggregant solution (AASH) and 100 µl FSSW. Samples were then incubated at 18°C for 120 min with SYBR Green I (1% final concentration), a DNA-binding fluorochrome which stains hemocyte DNA (Molecular Probes, USA). Hemocyte concentration was determined by using a density plot visualization of FL1 vs SSC (Side SCatter height) to count hemocytes that had been detected by the flow-cytometer for defined time and flow rate.
Phagocytosis of fluorescent beads
The phagocytosis assay was adapted from the method of Delaporte et al. [23] 
Adhesive capacity
To estimate hemocyte adhesive capacity, sub-samples (100 µl) of each hemolymph pool were distributed into 24-well microplates maintained on ice. Each sub-sample received a 100 µl volume of FSSW. After three hours of incubation at 18°C, cells were fixed by addition of 200 µl of a 6% formalin solution in FSSW. Concentration of non-adherent cells was established as previously described [13] . The percentage of adhering hemocytes was calculated relatively to the initial total hemocyte count of the tested pool.
Reactive oxygen species (ROS) production
The method used 2'7'-dichlorofluorescein diacetate (DCFH-DA, Sigma) [24] . Briefly, a 150 µl sub-sample of hemolymph from each pool was distributed into a 5 ml polystyrene tube (Falcon, B-D Biosciences, San Jose, CA, USA), diluted (+ 150 µl) with FSSW and maintained on ice. DCFH-DA working solution was added to each tube to yield a final concentration of 10 µM. Tubes were then incubated for 60 min at 18°C in the dark. The DCF green fluorescence level was evaluated for the three hemocyte sub-populations (agranulocytes, hyalinocytes and granulocytes), as described previously [13] . Small agranulocytes showing very low ROS production, values for hyalinocytes and granulocytes only are presented here. Results are given for both hemocyte sub-populations as mean of fluorescence in FL1 arbitrary units.
Real-time PCR analysis of gene expression
Hemocytes were pelleted by centrifugation (1800 G, 15 min) and resuspended in Extract-All® (Eurobio) (1 ml.10 [26] ; this value was determined for each primer pair by performing standard curves from serial dilutions of each positive cDNA control to ensure that E ranged from 99% to 100%.
Calculated relative expression was based on the "comparative CP method" [27] . The overall variation in EF expression was determined using two-way analysis of variance to test Fisher's least significant difference (LSD) procedure. Results were deemed significant at P<0.05.
Results
Bacterial challenge
Cumulative mortality data of non-inj and fssw-inj oysters demonstrated no significant differences over the experiment (ANOVA, P>0.05) (Fig. 1) . Compared to the other experimental conditions, mortality rates of vibrio-inj animals were statistically higher at day 3 post-challenge, and significantly increased over time, to reach 62.5 ± 1.2 % at the end of the experiment (ANOVA, P<0.05).
Direct quantification of kanamycin-resistant V. aestuarianus 01/32
In cell-free serum samples of non-inj and fssw-inj oysters, no kanamycin-resistant bacteria were detected throughout the experimental period (data not shown). At 1 day postchallenge, a concentration of 3.2x10 2 ± 1×10 2 cells.ml -1 was determined in cell-free serum of vibrio-inj oysters (Fig. 2 A) . After 3 days, this number decreased to reach a concentration close to 10 2 cells.ml -1 , corresponding to the threshold of sensitivity for this method, and remained low and stable over the experiment.
In hemocyte pellet samples of vibrio-inj animals, a bacterial concentration lower than the threshold of sensitivity of the MTS/PMS assay was found the last day of the experiment, whereas no kanamycin-resistant bacteria were detected for the other experimental conditions (data not shown). The total bacterial load within cell-free serum samples was also estimated by measuring the reduced MTS/PMS absorbance without adding the antibiotic to the reaction mixture. For the 3 experimental conditions, no significant differences were observed at 3 and 5 days post-challenge (ANOVA, P>0.05) (Fig. 2 B) . At the end of the experiment, absorbance values of vibrio-inj oysters were statistically higher compared to control animals (ANOVA, P<0.05).
Hemolymph protease activity
Azocasein-based assays showed no statistical differences in hemolymph protease activity between non-inj and fssw-inj animals throughout the experiment (ANOVA, P>0.05) (Fig. 3 A) . Three days post-challenge, a significant rise occurred in hemolymph protease activity of vibrio-inj oysters, compared to day 1 and to the other experimental conditions.
Subsequently, hemolymph protease activity of vibrio-inj animals increased steadily and significantly over the experiment (Fig. 3 A) .
The patterns of gelatinolytic activity in hemolymph pools of fssw-inj oysters were similar to those observed for non-inj animals (data not shown). For these two conditions, bands with protease activity in the 123 kDa range were detectable throughout the experimental period (Fig. 3 B) . Within the first 3 days following injection, similar protease profiles were observed in hemolymph samples of vibrio-inj oysters. However, important modifications occurred on day 5: the 123 kDa bands were missing from hemolymph of vibrioinj animals, whereas two additional bands with a molecular weight lower than 80 kDa, as well as a faint band with a low molecular weight, were detected. These three bands were most prevalent 8 days post-challenge and were similar to the protease profiles resulting from the zymographic detection of extracellular products from V. aestuarianus 01/32 in pure culture, as shown in Fig. 3 B. 
Total number of circulating hemocytes
Non-inj and fssw-inj oysters showed no statistical difference in their total hemocyte counts (THC) throughout the experiment (ANOVA, P>0.05) (Fig. 4) . In vibrio-inj animals, a significant increase of THC values (+ 91%) was observed 3 days post-infection, compared to non-inj and fssw-inj oysters (ANOVA, P<0.05). Five days post-challenge, THC of infectedoysters remained significantly higher than non-inj and fssw-inj animals. The last day of the experiment, THC values of vibrio-inj animals returned to levels similar to those observed for non-inj and fssw-inj oysters (ANOVA, P>0.05).
Hemocyte phagocytic activity
One and 3 days post-challenge, no statistical difference in hemocyte phagocytic activity was observed between experimental conditions (ANOVA, P>0.05) (Fig. 5) . In vibrioinj animals, the phagocytic activity statistically decreased on day 8 post-challenge, compared to control animals (ANOVA, P<0.05).
Hemocyte adhesive capacity
Non-inj and fssw-inj oysters were not statistically different in their adhesive capacities for the entire experiment (ANOVA, P>0.05) (Fig. 6 ). By contrast, hemocyte capacity for adhesion of vibrio-inj oysters was significantly reduced after one day post-challenge, compared to non-inj and fssw-inj oysters (ANOVA, P<0.05) (Fig. 6) . Afterwards, hemocyte adhesive ability of infected animals decreased significantly and regularly (ANOVA, P<0.05).
Hemocyte ROS production
ROS production remained stable over the experimental period in non-inj and fssw-inj oysters for the two hemocyte sub-populations (Fig. 7) . In contrast, granulocyte ROS production of vibrio-inj animals was enhanced from day 3, and was significantly higher than those of non-inj and fssw-inj oysters (ANOVA, P<0.05) (Fig 7 A) . Considering hyalinocyte sub-populations, a similar pattern was observed, except that the ROS production of hyalinocytes from vibrio-inj oysters was lower than that observed for granulocytes (Fig. 7 B) .
Relative mRNA levels of Cg-TIMP and Cg-EcSOD
Cg-EcSOD mRNA level (relative to EF mRNA) remained stable in fssw-inj oysters over the course of the experiment (ANOVA, P>0.05) (Fig. 8 A) Cg-TIMP relative expression remained stable for the duration of the experiment for both vibrio-inj and fssw-inj animals (Fig. 8 B) . No significant differences were shown between these two experimental groups at each sampling date (ANOVA, P>0.05).
Discussion
This work was aimed at investigating oyster cellular immune responses following injection of a pathogenic Vibrio into the adductor muscle. Other less invasive methods of infection have been previously tested in marine molluscs, and successful reproduction of disease or mortalities were obtained in larval challenge by bathing (see [28] for a review).
However, cohabitation or bacterial bath exposures are more problematic to conduct experiments in juvenile and adult molluscs, since they often fail to induce any mortality or led to unreproducible results [29] [30] [31] . Such difficulties to perform non invasive bacterial challenges in adult bivalves are suspected to be linked with the need for external stressors [32, 33] and/or with the variability of the bivalve physiological and health status [34, 35] .
Intramuscular injection of bacteria was consequently considered as the most suitable mode of inoculation to address the questions of this study and also to insure a better reproducibility.
Following V. aestuarianus 01/32 injection into the oyster adductor muscle, bacteria do not spread within the host circulatory system
In this experimental model, we showed that a low bacterial load of kanamycinresistant V. aestuarianus 01/32 was detected in cell-free serum of infected oysters. This was an unexpected result, since the pathogen was previously isolated, at high concentrations in some cases, from the hemolymph of moribund animals [12] . As this result might be ascribed to the phagocytic uptake of bacteria by hemocytes, complementary experiments were performed over the experiment. A low bacterial concentration (< 10 2 cells.ml Whether this infection remains localized or proceeds into surrounding tissues partly depends upon the pathogen's capacity to disrupt the components of the host connective tissues, among which the extracellular matrix (ECM) that holds tissues together [36] . Under normal physiological conditions, ECM degradation is tightly controlled by endogenous inhibitors, called tissue inhibitors of metalloproteinases (TIMPs). Considering that the pathogen may induce necrotic reactions of ECM, we monitored Cg-TIMP relative expression.
Following bacterial challenge, previous report showed that Cg-TIMP mRNAs strongly accumulated in C. gigas hemocytes, reaching a maximum around 9 h post-infection and returning to a steady state after 3-4 days [18] . In our experimental model, no significant changes occurred in Cg-TIMP relative expression of infected oysters. This discrepancy may be due to the bacterial species used, as Montagnani et al. injected a mixture of four different vibrios. V. aestuarianus 01/32 may thus act according to a different mechanism. These data correlate well with bacterial quantification results and suggest that the pathogen may not induce connective tissue damage through ECM degradation, and thus may not spread within the host. To assess this hypothesis, specific molecular tools are currently being developed for further histopathological studies.
Infection induces important changes in the total number of circulating hemocytes
Hemocyte recruitment is one of the first cellular responses of the host defense system against pathogens [3] . Variations in hemocyte concentration were therefore monitored during infection. In infected animals, a transient increase in circulating hemocytes was observed within the first 3 days post-challenge. Such variations in cell concentration may result either from hemocyte mobilization from tissues into the circulatory system, or from a hematopoietic process that would change the absolute number of circulating hemocytes. Following microbial challenges, similar observations were previously reported in bivalves [15, 16] . The most generally-accepted belief is that the elevated cell concentration result from a mobilization and migration of resident hemocytes from tissues into the hemolymph in response to hostpathogen interactions [15] [16] [17] . This phenomenon, also called hemocytosis, is suspected to be linked with the structure of the circulatory compartment in bivalves and would correspond to a non-specific immune response. Further investigations are needed to clarify which of these mechanisms (i.e. hematopoiesis vs. hemocytosis) is involved in the noticed changes.
The pathogen may evade host cellular defenses by inhibiting hemocyte adhesive and phagocytic capacities
Adhesion constitutes an initial step in phagocytosis of foreign particles and results in important cellular behaviors, such as microbe encapsulation. In this study, we showed that adhesive capabilities of circulating hemocyte were significantly affected from the first day post-infection. Hemocyte phagocytosis capacities were also reduced, but the decrease of phagocytic activities occurred later, when the production of bacterial proteases was at its highest level. These results correlate well with our data of bacterial quantification, demonstrating that a limited number of V. aestuarianus cells was detected within oyster hemocytes. Taken together, these findings suggest that the pathogen may have evolved a socalled "outsider strategy", to promote its own extracellular life cycle within the oyster. This assumption is reinforced by our previous in vitro studies, showing that V. aestuarianus ECPs drastically affected hemocyte functions by causing an inhibition of adhesive and phagocytic activities [13] . Observations of similar effects during infection, concurrent with the secretion of bacterial proteases in hemolymph, lead us to suspect that avoidance of phagocytosis may be attributable to the release in the host circulatory system of one or more adhesion-and phagocytosis-inhibiting factors. Research is now ongoing to elucidate the mechanisms by which this pathogen mediates its antiphagocytic phenotype.
The ROS production pathway is strongly modified during bacterial infection
In the cascade of events taking place during the host immune response, a subsequent step relies on the production of reactive oxygen species (ROS), displaying strong microbicidal activities [37] . We showed that, during infection, hyalinocyte and granulocyte ROS production was strongly enhanced in animals. These data are surprising when compared with previous results obtained in bivalves following bacterial challenge. In most of cases, bacteria were, instead, shown to reduce hemocyte ROS production [24, 38, 39] . Our results suggest that V. aestuarianus 01/32 may have evolved a different strategy. An increasing number of studies indeed report data on the ability of pathogenic bacteria to escape host cellular responses through an excessive generation of free radicals [40] [41] [42] . This over-activation is thought to enhance the virulence by inducing oxidative stress, loss of cell function, and ultimately cell apoptosis and/or tissue necrosis. The most straightforward evidence is the induction of cell apoptosis by treatments with ROS themselves [43, 44] . The noticed overactivation of ROS production may similarly promote toxicity to host cells, and hemocytes may be both a source and a target of free radicals. The recent report of Terahara and coworkers supports this assumption, as the authors indicated that C. gigas hemocytes underwent apoptosis following exposure to ROS generated by the hemocytes themselves [45] . 
